We investigated the interspecific variability in nocturnal whole-plant stomatal conductance under well-watered and drought conditions in seedlings of four species of Populus from habitats characterized by abundant water supply (mesic and riparian) or from drier upland sites. The study was carried out to determine whether (i) nocturnal conductance varies across different species of Populus according to their natural habitat, (ii) nocturnal conductance is affected by water stress similarly to daytime conductance based on species habitat and (iii) differences in conductance among species could be explained partly by differences in stomatal traits. We measured whole-plant transpiration and conductance (G) of greenhouse-grown seedlings using an automated highresolution gravimetric technique. No relationship was found between habitat preference and daytime G (G D ), but night-time G (G N ) was on average 1.5 times higher in riparian and mesic species (P. deltoides Bartr. ex Marsh. and P. trichocarpa Torr. & Gray) than in those from drier environments (P. tremuloides Michx. and P. × petrowskyana Schr.). G N was not significantly reduced under drought in riparian species. Upland species restricted G N significantly in response to drought, but it was still at least one order of magnitude greater that the cuticular conductance until leaf death was imminent. Under both well-watered and drought conditions, G N declined with increasing vapour pressure deficit (D). Also, a small increase in G N towards the end of the night period was observed in P. deltoides and P. × petrowskyana, suggesting the involvement of endogenous regulation. The anatomical analyses indicated a positive correlation between G and variable stomatal pore index among species and revealed that stomata are not likely to be leaky but instead seem capable of complete occlusion, which raises the question of the possible physiological role of the significant G N observed under drought. Further comparisons among closely related species that occupy ecologically diverse habitats may provide a better understanding of the genetic versus environmental regulations of nocturnal water loss.
Introduction
Water loss during the night challenges some of the preconceptions surrounding plant function, particularly with regards to the optimization of stomatal conductance for maximum carbon gain and minimal transpiration. Despite current knowledge about nocturnal stomatal conductance (g n ) and transpiration (E n ) in a wide range of species from different ecosystems (e.g., Caird et al. 2007 , Zeppel et al. 2014 , the assumption that stomata remain closed at night still influences general models of water loss ( Zeppel et al. 2014 ). Nocturnal transpiration rates range from 5 to 30% of daytime rates ( Caird et al. 2007 , Zeppel et al. 2014 , and therefore, nocturnal water loss can represent a significant fraction of the total daily water loss ( Zeppel et al. 2014 ).
The apparent 'wastefulness' of nocturnal transpiration has prompted the question of whether it confers a functional benefit to the plant. It has been proposed that E n may promote nutrient uptake by mass flow ( Scholz et al. 2007 , Cramer et al. 2009 , early morning photosynthesis ( Caird et al. 2007 , Dawson et al. 2007 ) and help with refilling of capacitance and embolism removal in stems ( Zeppel et al. 2014) . Despite the growing body of literature that documents E n and explores its implications, it is still uncertain the degree to which E n varies within the same microclimate among plant species that use different water relation strategies, i.e., hydraulic functional types ( Zeppel et al. 2010 ( Zeppel et al. , 2014 . Works that compare closely related species within the same genus are particularly scarce (although see Phillips et al. 2010 on eucalypts) . More comparative work will help us to understand the genetic versus environmental influence on nocturnal water loss and its regulation ( Zeppel et al. 2014) .
Populus species-poplars, cottonwoods and aspens-are ecological pioneers characterized by vigorous growth ( Eckenwalder 1996) . Most cottonwoods and poplars are found in mesic areas with abundant water supply ( Rood et al. 2003) . In semi-arid regions such as prairies, they are obligate riparian, normally restricted to river valley floodplains ( Rood et al. 2003) . In contrast, aspens, such as Populus tremuloides Michx., are generally upland species that can successfully establish in droughtprone areas ( Lieffers et al. 2001) . Several physiological traits have been linked to the ability of P. tremuloides to withstand drought: tight stomatal control in response to soil water availability and vapour pressure deficit ( Hogg et al. 2000 , Lu et al. 2010 , less vulnerability to xylem cavitation than most other Populus species ( Hacke 2015) and resprouting accompanied by recovery of stem hydraulic conductivity after severe drought ( Lu et al. 2010) . In contrast, poor stomatal control in response to drought has been observed in many poplars ( Rood et al. 2003 , Hacke 2015 . Premature leaf senescence and branch dieback, observed during summers with low stream flow, seem to be a common drought-avoidance mechanism in riparian cottonwoods ( Rood et al. 2000) . E n and g n have been measured in natural stands of Populus balsamifera L. ( Snyder et al. 2003) as well as in greenhouse-grown P. balsamifera ssp. trichocarpa L. (Torr. & Gray ex Hook.) Brayshaw and Populus angustifolia James ( Howard and Donovan 2010) , and they are in the upper range of values reported for temperate deciduous trees ( Caird et al. 2007 ). Thus, nocturnal water loss may represent a significant percentage of the diel water budget of Populus in general, but how much variation occurs among Populus species that occupy specific ecological niches (e.g., riparian versus upland) under varying levels of soil water stress remains to be explored.
Across ecosystems, vapour pressure deficit (D) and soil water content have been recognized as major environmental drivers of nocturnal water loss ( Zeppel et al. 2014) . Responses of nocturnal stomatal conductance to D are highly variable among species, and thus, g n has been found to decline ( Bucci et al. 2004 , Barbour and Buckley 2007 , Cavender-Bares et al. 2007 ), remain unchanged ( Barbour et al. 2005) or even rise ( Zeppel et al. 2012 , Resco de Dios et al. 2013a ) with increasing D. Stomatal responses to D may be influenced by soil water content, e.g., g n may decline with increasing D in well-watered conditions but not under drought ( Cavender-Bares et al. 2007 ). In general, g n and nocturnal sap flow have been found to decline under drought ( Barbour and Buckley 2007 , Cavender-Bares et al. 2007 , Dawson et al. 2007 , Zeppel et al. 2010 . Overall, how soil water content and D interact to affect nocturnal water loss is still unclear and requires further investigation, particularly because regulation of g n may differ from that of daytime stomatal conductance ( Ogle et al. 2012 , Zeppel et al. 2012 . Comparison of contrasting Populus within similar microclimatic conditions might provide further insight as to how g n responds to both soil water content and D. Responses of g n to D may be also subjected to an underlying circadian regulation ( Caird et al. 2007 ), although controlled experiments suggest both intra-and interspecific variability in the influence of the circadian clock ( Howard and Donovan 2010 , Kupper et al. 2012 , Resco de Dios et al. 2013a , Auchincloss et al. 2014 .
Most studies on nocturnal water loss have not considered how stomatal traits, e.g., stomatal density, length and/or adaxial : abaxial ratios, contribute to the variation in g n observed among species ( Caird et al. 2007 , Zeppel et al. 2014 . Data obtained from two oak species growing under different water availability suggest that differences in mean g n might be related to differences in stomatal pore index (SPI), a dimensionless index of stomatal pore area per unit leaf area ( Cavender-Bares et al. 2007 ). Stomatal pore index has also been found to be tightly correlated with leaf hydraulics and maximum stomatal conductance in tropical and temperate woody species ( Sack et al. 2003 ( Sack et al. , 2005 . Substantial genetic variation in stomatal traits has been found among different poplar species and their hybrids ( Pearce et al. 2006) . Furthermore, stomatal density has been correlated with (diurnal) stomatal conductance in poplar species ( Pearce et al. 2006 ). Whether differences in SPI, or in any other stomatal trait, can explain differences in g n among Populus species has not been addressed.
In the present study, we investigated the interspecific variability in nocturnal whole-plant stomatal conductance (G N ) under well-watered and drought conditions in seedlings of four species of Populus with habitats ranging from riparian to upland, including a hybrid poplar clone with drought-tolerant parents. The study was carried out to determine whether (i) G N varies across different species of Populus according to their natural habitat, (ii) G N is affected by water stress similar to daytime G and consistent with species' habitat and (iii) differences in conductance among species could be explained partly by differences in stomatal traits. We hypothesize that riparian species have higher nocturnal conductance and less night-time stomatal control in response to moderate drought. We measured whole seedlings directly by continuous gravimetric readings of water loss.
Materials and methods

Plant material and growth conditions
Four Populus species were measured in this study: P. deltoides Bartr. ex Marsh., P. trichocarpa Torr. & Gray, P. × petrowskyana Schr. (hybrid of P. nigra L. × P. laurifolia Ledeb.) and P. tremuloides. These species represent a gamut of habitat preference and drought tolerance, from riparian habits to drier upland environments (Table 1) . All plants were grown from seed except plants of P. × petrowskyana, which were cloned from stem cuttings. Plants were grown in 2.4-l pots filled with potting mix (Sunshine ® LA4 mix, Sun Gro Horticulture Canada Ltd, Seba Beach, Alberta) with 20 g of slow-release fertilizer (13 : 13 : 13 N : P : K). All species shared the same growing conditions in a roof-top greenhouse at the University of Alberta (Edmonton, Alberta, Canada, 53.526210°N 113.528100°W), which provided a mix of natural and supplemental light, under a 16-h photoperiod. The average daily light intensity (photosynthetically active radiation) during the measurement period was 532 ± 85 µmol m −2 s −1 , with daily maximums between 800 and 1000 µmol m −2 s −1 . Temperature and relative humidity were, on average, 22 °C and 60% in the daytime and 18 °C and 70% during the night, both while seedlings were growing and throughout the experiment. Temperature in the greenhouse was moderated by a combination of radiative heating pipes, side window ventilation and a facility-wide cooling system operating above 28 °C with closed windows. Note that the cooling system introduced moisture into the greenhouse, thereby decreasing D beyond what would be found for natural drought conditions. During the experiment, vapour pressure deficit (D) was 1.05 ± 0.31 kPa in the daytime and 0.63 ± 0.23 at night. Environmental conditions were measured using a collection of micro-controlled solid-state devices as described in Cirelli (2011) and housed inside a fan-aspirated shielding enclosure; this enabled synchronization of every measurement with the balance data. After calibration, all measurements were regularly corroborated with independent stand-alone instruments (LI-250A, LI-COR, Lincoln, NE, USA and Fluke-87V, Fluke, Everett, WA, USA). Three of the shielded sensor assemblies were deployed in the greenhouse at mid-canopy level.
Measurement of water loss
Five plants of each species were measured continuously by a gravimetric method (Amalthea system from Cirelli et al. 2012) .
Briefly, the Amalthea system consists of a balance array where all the balances are coordinated by a computer that logs the data. The computer also synchronizes the gravimetric measurements with a mid-canopy sensor array to simultaneously record light, temperature and relative humidity. Measurements were collected every 5 min, and each measurement consisted of the average and slope of a linear regression from 23 samples taken at 10-s intervals (for details, refer to Cirelli et al. 2012) . Four additional plants of each species receiving the same treatments were manually weighed at regular intervals to compare their weight loss against the automatically monitored plants since the sample size was small due to limitations in the quantity of available scales. These plants were not incorporated in the analyses of G, but we express confidence in the small sample size of the automated system since the manual measurements were in agreement.
The plants were, on average, 50 cm in height and held between 25 and 30 fully expanded leaves. Leaf area was calculated on a leaf-by-leaf basis by non-destructively measuring minimum and maximum caliper (i.e., width and length). Calculation was based on previously constructed calibration regressions by destructively sampling a wide range of leaf sizes from each species under the same growing conditions and correlating the product of width and length with the actual area of each leaf, thus obtaining a calibration factor (slope of the regression). The correction factors ranged between 0.65 and 0.76 with every R 2 higher than 0.98. Width and length of every leaf were then measured every 2 days and an area-time function was adjusted for each plant to correct the transpiration values point-for-point a posteriori (see Cirelli et al. 2012) . Leaf areas were, on average, 0.18 m 2 for P. deltoides, 0.42 m 2 for P. trichocarpa, 0.31 m 2 for P. tremuloides and 0.53 m 2 for P. × petrowskyana.
All transpiration values were normalized by vapour pressure deficit (D), thus transforming E to whole-plant or 'total' stomatal conductance (G = E/D). The use of D as the evaporative driving force assumes that the average leaf temperature is the same as the air temperature. G applies to the entire soil-plantatmosphere continuum and should not be confused with either hydraulic or stomatal conductance at the leaf level. In addition, we are making the distinction between 'transpiration' (E), which is the instantaneous rate of water loss expressed in mmol m −2 s −1 (not taking into account the D), and 'water use' (Q) expressed Populus species maintain conductance under drought 231 Table 1 . Species studied, ranked by estimated drought tolerance, from least to most tolerant.
Species Characteristics
P. deltoides
Exclusively riparian. Tends to dominate river banks. High vulnerability to xylem cavitation. Premature leaf senescence and branch dieback in response to drought P. trichocarpa Mesic, cool sites with abundant water supply. Obligate riparian in drier areas. Very poor stomatal control. Premature leaf senescence in response to drought P. tremuloides
Frequently found in upland drought-prone sites. Tight stomatal control in response to drought and increasing D. Less vulnerability to xylem cavitation than most Populus spp. Resprouting after drought, accompanied by the recovery of stem hydraulic conductivity P. × petrowskyana Hybrid of P. nigra × P. laurifolia. Both parents are drought tolerant. In previous experiments, this clone showed the highest level of isohydry in g m −2 per period (day, Q D ; or night, Q N ), in which E is integrated over some period (e.g., the entire night) in order to show the actual amount of water lost (usually expressed in grams or alternatively as a percentage as in Q N /Q D ).
Watering regime and drought treatment
Immediately preceding gravimetric measurements, plants were watered and pots were allowed to percolate fully. To minimize water loss from the soil surface, the tops of the pots were covered with aluminium foil. Drain holes were left uncovered as it was previously determined that this only contributed up to 1% of the total loss (as described in Cirelli et al. 2012) . Each pot was then weighed and this weight represented the percolation point for the pot. During measurements under well-watered conditions, pots were watered daily, on the scales, to 100 g less than its percolation weight to avoid water spillage onto the balances. After 5 days under these well-watered conditions, seedlings were subjected to a progressive drought cycle. This treatment involved the daily addition of 50% of the water that each plant had individually transpired since the last watering (i.e., one full day, since watering was done at the same time each day). This watering regime continued until leaf expansion stopped (stage 1 as described in Lu et al. 2010) , which corresponded to ∼60% soil water content. Afterwards, water was withheld completely to obtain a possible minimum night-time E under extreme drought conditions. This second phase lasted between 4 and 7 days depending on the species and ended when total leaf mortality was observed (stage 4 as described in Lu et al. 2010 ). This form of short drought cycle was intentionally applied such that only stomatal responses were observed while avoiding other responses such as leaf senescence and abscission typified by longer, slower-progressing droughts as seen in P. deltoides and P. trichocarpa ( Equiza et al. 2012) .
Leaf surface anatomy
Stomatal impressions of both abaxial and adaxial surfaces were collected for anatomical analysis. The impressions were taken with clear nail polish and lifted from the surface with clear tape. Six digital images of each surface from independent samples were taken and processed in GIMP (GNU Image Manipulation Program, http://www.gimp.org). Processing consisted of marking the length and width (opening) of each stoma outlined by the peristomatal groove on a transparent layer. The resulting line drawings were extracted as separate images and analysed in Fiji ( Schindelin et al. 2012) . The image extracted consisted of a collection of crosshair-like drawings of varying widths and lengths, which represented the stomata on the original image. We used the particle analysis function of ImageJ to obtain the Feret's diameter (also known as maximum caliper) of each particle-stoma. This measurement included both the length and width of the stomatal opening including the stomatal ledge (ridge).
Leaf samples were also taken for standard error of the mean (SEM) imaging. Small (∼1.5 mm 2 ) pieces of fresh leaves were cut and plunged into 2.8% glutaraldehyde in phosphate buffer pH 7.2. Primary fixation lasted for 24 h at 4 °C, followed by dehydration in an alcohol series consisting of 25, 50, 70, 85 and 95% ethanol before final dehydration in absolute ethanol. No secondary fixation was performed. Dehydrated samples were dried in a CO 2 critical-point dryer, mounted to show both the abaxial and adaxial surfaces, and sputter-coated with 150 nm of gold.
Calculation of SPI
Stomatal pore index is commonly defined as a fixed 'aperture' value resulting from the product of the stomatal density and the square of the mean stomatal pore length ( Sack et al. 2003) . However, this value does not take into account the dynamic nature of stomata, which causes them to act as variable resistors in the hydraulic pathway by varying their width. Therefore, and since we obtained measurements of stomatal width, we constructed a 'variable' version of SPI, noted here as SPI v .
Other authors have approximated the stomatal pore area to the area of an ellipse of semi-major axis l/2 and semi-minor axis w/2 (e.g., Feild et al. 2011) , where l is the stomatal pore length and w is the pore width. We first approximated the pore area to twice the area occupied by the arc of a parabola of length l and vertex w/2. However, we also measured individual pore areas from SEM preparations to compare with the estimates. In all cases, calculating the area as an ellipse overestimated the actual area of the opening, while using the parabola calculation underestimated the actual area by about the same amount. We therefore combined the two equations to obtain a more precise estimate of the stomatal pore area such that:
where l is the stomatal pore length, w is the stomatal pore width and a is the area of the sample. Measurements of l and w included the stomatal ridges, which were necessary for accuracy and speed, since in many cases, the only visible boundary was the groove between the ridge and the guard cell proper. However, we obtained the average ridge size (r = length from the groove to the beginning of the stomatal opening) for each species from SEM samples. Subsequently, we incorporated this variable into the ellipse and parabola equations to obtain:
Night-time cuticular conductance
In P. tremuloides, which has hypostomatic leaves, cuticular conductance was assessed on the adaxial surface. To avoid transpiration from the abaxial side, a thick (∼3-5 mm) layer of petroleum jelly was smeared along the margins, forming a continuous band. A piece of Parafilm M ® was pasted over the leaf using the petroleum jelly to serve both as glue to hold the film and as a water vapour seal. In the other species with amphistomatic leaves, both sides were exposed to dehydration. For these species, conductance was estimated as half the average of the largest group of points on the dehydration curve for which the slope was non-significant (constant G). In all cases, fishing line was used to form a small loop that was glued to the petiole (close to the lamina) with methacrylate glue and secured with a strip of Parafilm. The petiole was cut close to the lamina and sealed with a dab of petroleum jelly. We used a freestanding lightweight wooden structure from which the leaf could be hung. The wooden base plus hanging-leaf assembly was placed on a four-decimal digital balance (Mettler AE200, Mettler Toledo, Columbus, OH, USA) with the weighing chamber open to allow for air circulation. Immediately following placement of the leaf on the balance, lights were turned off and since the procedure was started after sundown, the room remained dark for the duration of the measurement.
The same software used for whole-plant measurements was used to interface with the high-precision balance. Temperature and humidity were measured also in synchrony with the balance to obtain a measurement of leaf-to-air conductance as explained for the whole-plant measurements. The mean value obtained from the adaxial-only transpiration was considered one-half that of the entire leaf since only one surface was exposed.
Data analysis and statistics
Data processing was done in the R language for statistical computing ( R Development Core Team 2013). The transpiration data as well as the environmental data for each plant was separated into 'day' and 'night' for each 24-h period. The day and night phases of the data were extracted with a custom program in R, based on light-sensor data collected with the same frequency as the rest of the data. Each full day of logging (once every 5 min) consisted of 194 daytime and 94 night-time measurements; each point of which was the result of 23 records within the 5-min period (see Cirelli et al. 2012 ). We performed repeated-measures analyses of variance on the daily averages of G, E and Q during the wellwatered period, where each individual plant was used as a source of error in the 'within' treatment. Multivariate regressions were performed to analyse differences in the slope of the relationship of G to D between well-watered and moderate drought conditions.
Results
Night-time transpiration and water use
All species showed substantial night-time whole-plant stomatal conductance (G) and transpiration (E) that remained above zero throughout well-watered conditions and drought (Figure 1) . Night-time G was significantly different between species (P < 0.05, Table 2 ). Under well-watered conditions, P. × petrowskyana and P. tremuloides had the lowest absolute water use per night (Q N ), transpiring on average 138 g m −2 , while P. deltoides had the highest Q N at 340 g m −2 . In relative terms, however, the minimum recorded Q N : D (Q N /Q D ) was 9% for P. × petrowskyana and the maximum was 20% for P. trichocarpa, while the average across species was 15% (Table 2) . In all cases, differences in transpiration and conductance were mostly driven by changes in D since light integrals were similar across days and species.
P. × petrowskyana showed high G D and relatively low G N under well-watered conditions (Table 2) (Table 2) . Populus deltoides had the highest average night-time G both in well-watered and drought conditions, whereas the overall mean values excluding P. deltoides were 0.48 ± 0.2 mmol m −2 s −1 kPa −1 in well-watered conditions and 0.38 ± 0.2 mmol m −2 s −1 kPa under drought. G D was also highest in P. deltoides (Table 2) , although not statistically different from P. × petrowskyana (P = 0.99).
In the well-watered condition, stomatal closure in response to darkness progressed in two phases after lights had been turned off. First, an abrupt fall in G was observed, followed by a slower decline until settling at a stable average minimum (G n ). This decline lasted for ∼60 min and it was observed in all species, each showing a different rate of decline (Figure 2 ). Approximately 60 min before the light period began, there was a slight uptrend in G, most notable in P. deltoides. The rate of this uptrend was much lower than the decline at the beginning of the night period (Figure 2 ). Once lights had been turned on, an immediate jump in G could be seen (based on the 5-min resolution of the system).
During the course of drought, all species showed a marked decline in daytime G. Populus deltoides showed lower daytime G under drought mainly in response to higher D since E remained high (Figure 1) . Populus trichocarpa also showed this pattern although to a lesser degree. The other species had a decline in both night-time G and E under drought. Night-time conductance was markedly reduced in P. × petrowskyana and P. tremuloides, but not so in P. deltoides or P. trichocarpa (Table 2 ). The contrast between these two groups was maintained after applying plant-specific corrections to account for the effect of D. When drought became severe, all species showed similar G N (∼0.2 mmol m −2 s −1 ) except P. deltoides, which nonetheless presented a decline not seen during moderate drought conditions (Figure 3a) . The ratio of E N /E D tended to increase for all species as drought progressed since the rate of reduction of E N was proportionately less than that of E D (Figure 3b ). Because Figure 1 . Whole-plant conductance (G, solid black trace) and transpiration (E, dashed black trace) of the four Populus species before and after drought (point-for-point average of five plants per species). pdelt: P. deltoides; ptric: P. trichocarpa; ptrem: P. tremuloides; ap42: P. × petrowskyana. G is shown with its standard deviation (grey envelope). Light grey vertical bands indicate the night period. The first 3 days correspond to well-watered conditions, followed by the last 4 days of drought ending in total leaf mortality (this process took 4 days in P. deltoides and P. trichocarpa, and 7 days in P. tremuloides and P. × petrowskyana). A black dotted horizontal line denotes the zero mark; a grey dashed horizontal line marks the average night-time G (five-night average) during the well-watered period. Night-time G and E are indicated also as a % of previous daytime period. On the last night, additional percentages of G and E are shown, which represent the G and E of that night, as per cent of the 5-day average rates under well-watered conditions. stomatal closure occurred earlier in the drought cycle for P. × petrowskyana and P. tremuloides, these two species were able to survive 5 days longer than P. deltoides and 4 days longer than P. trichocarpa. Incidentally, during this later phase, they encountered lower D values, as seen in Figure 4 , as part of natural variation.
In all species, night-time conductance was negatively correlated with D. The slope of this relationship was significantly greater in plants subjected to drought except in P. deltoides (P < 0.05, Figure 4) . P. × petrowskyana was the species with the least (although significant) difference in G N -D slopes between the well-watered and drought conditions, while it was at the same time, the species with the largest difference in means between such conditions.
Cuticular conductance
Leaves of all species were mostly glabrous, with an occasional trichome along leaf veins. The mean cuticular conductance (g c ) for all species was one order of magnitude below G N (range of g c /G N 0.230-0.019) under well-watered conditions (Table 2) . Under drought, the mean ratio was 0.24 with a range of 0.52-0.088. None of the slopes of g c versus time were significant (P > 0.01) in the species in which g c was measured directly, while the opposite was true for measurements of either bare leaf or leaf with a blocked (sealed) adaxial surface ( Figure 5 ).
Stomatal characteristics and SPI
Some P. tremuloides leaves had a few stomata concentrated around major veins on the adaxial side in some of the leaves, but as most did not have adaxial stomata, we consider the plants hypostomatic. Populus trichocarpa showed a low stomatal density on the adaxial side, averaging 11% that of the abaxial surface and being regularly distributed. Scanning electron micrographs of the leaf surface contained both open and closed stomata in every sample; some of the stomata appeared to be tightly closed (Figure 6 ). The outer ledges on the pore side of the guard cells were visible in most stomata in all four species, an example of which can be seen in Figure 6 . Based on light microscopy images, measurements of stomatal width to stomatal length ratio yielded a similar range of values and frequency distribution for all species indicating various degrees of stomatal opening at any one time. Populus deltoides is shown as an example of this in Figure 6 .
Stomatal pore index (SPI v , Table 3 ) was lowest in P. tremuloides, owing to both lower stomatal counts and comparatively narrower stomata. P. × petrowskyana, on the other hand, showed the highest SPI v (Table 3) , greatly due to more widely open stomata (higher mean values of stomatal width). We found a positive correlation between G and SPI v (Figure 7 ), but we found no correlation between G and either stomatal length or stomatal density. There was also no correlation between stomatal length and stomatal density (data not shown).
Populus species maintain conductance under drought 235 Table 2 . Average whole-plant conductance (G) and water use under well-watered and drought conditions, and minimum night-time conductance (G N ) under the maximum level of drought achieved before total leaf desiccation (Max. drought). 
Discussion
Nocturnal transpiration was observed under well-watered conditions in all four Populus species (Figures 1 and 4) . Nocturnal G was on average 32% of the daytime G, in agreement with other measurements of greenhouse-grown Populus species ( Howard and Donovan 2010) . Nocturnal water loss represented 6-12% of the total daily water loss (given an 8-h night and a 0.5 kPa difference in D between day and night), which is within the range reported in the literature (10-25%, see meta-analysis in Zeppel et al. 2014) . Absolute values of G N were on average 1.5 times higher in those species adapted to riparian or otherwise perennially moist habitats (P. deltoides and P. trichocarpa) than in those from drier upland environments (P. tremuloides and P. × petrowskyana). Therefore, our results support the observation from several meta-analyses that nocturnal water loss seems most prominent in fast-growing, shade-intolerant tree species ( Caird et al. 2007 , Dawson et al. 2007 , Marks and Lechowicz 2007 and also reveal a significant interspecific variability in G N within this genus that correlates with habitat distribution. Genetic variability in g n has been observed among different natural accessions in Arabidopsis, with g n being lower in the accessions from drier habitats ( Christman et al. 2008) . In contrast, low interspecific variation in nocturnal sap flux was found in Eucalyptus species from mesic to xeric environments when grown in a common garden ( Phillips et al. 2010) . Given the contrast in the data from different genera, it would seem that a generalization cannot be made regarding the link (or lack thereof) between habitat and G n . Rather, there is a need for comparison of other genera with closely related species that occupy ecologically diverse habitats (e.g., Quercus, Pinus), as this may provide a more complete picture of the genetic versus environmental regulations of nocturnal water loss and the source of inter-and intraspecific variability. Under well-watered conditions, no significant correlation was found between G D and G N among the Populus species analysed. The highest G D values were found in P. deltoides and P. × petrowskyana, but while the former had also the highest G N , the latter had the lowest (Figure 3) . Similar discrepancies between G D and G N have also been observed among hybrid poplars with different growth potential, showing similar daytime G but a fourfold difference in nocturnal G ( Cirelli 2014 ). Data from a wide variety of species and habitats suggest that higher g n and E n are associated with higher daytime values ( Snyder et al. 2003) . However, our results suggest that among Populus species, nocturnal conductance cannot be predicted with confidence from their daytime values. Therefore, models of water balance may need to consider these differences, at least for this genus.
All species showed a negative correlation between G N and D under well-watered conditions, and in all cases, the slopes of this response were significant (Figure 3) . Night-time G showed an initial decline during the first hour of the night period in all species. A slight increase in G N was observed in P. deltoides and P. × petrowskyana towards the end of the dark period (Figure 2) . Increments in stomatal conductance and/or water flux before dawn have also been observed in different species and they have been attributed to endogenous circadian regulation ( Caird et al. 2007 , Howard and Donovan 2007 , Kupper et al. 2012 , Resco de Dios et al. 2013a . Taking into account that in our glasshouse study, D had an increasing trend throughout the night period (Figure 2) , and that G N was negatively correlated with D (Figure 3) , the increase in G N observed in P. deltoides and P. × petrowskyana may be indicative of circadian regulation.
Populus species maintain conductance under drought 237 We caution, however, that our experimental conditions were not specifically designed to tease out an endogenous clock from environmental responses; as such the contribution of a circadian rhythm may have been partially masked by the steady (though relatively minor) increase in D. Nevertheless, other studies have also observed variability in the circadian regulation of G N in Populus. Howard and Donovan (2010) found that night-time g s increased during the night in P. angustifolia but remained constant in P. balsamifera, while in hybrid aspen (Populus tremula L.), Kupper et al. (2012) found a significant increase in nocturnal sap flux towards the end of the night period in fertilized plants but not in plants with low nutrient availability. More studies specifically designed to measure the contribution of an internal clock are needed in Populus (and other species in general).
When subjected to moderate drought, two groups could be identified in terms of night-time conductance, which were consistent with the response observed of daytime conductance: one that maintained high levels of G after dark comparable to wellwatered conditions (P. deltoides and P. trichocarpa) and another that showed a marked decline in water use (P. tremuloides and P. × petrowskyana). Consequently, the species with earlier and tighter stomatal control were able to survive 4-5 days longer under worsening drought. Had water conditions remained limiting without deteriorating rapidly (e.g., under natural conditions where roots are not constrained by limited soil space), we may speculate that the latter group could have survived much longer and would have been better able to recover compared with the former (see Lu et al. 2010 , Equiza et al. 2012 ). This would be consistent with the isohydric behaviour characteristic of P. tremuloides ( Hacke 2015) . In contrast, the riparian species showed a level of night-time water use under drought consistent with anisohydric behaviour (see Rogiers et al. 2009 ). The degree to which night-time transpiration is related to aniso-and isohydric behaviours, however, needs to be investigated further.
In both groups, G N remained significantly higher than cuticular conductance during moderate stress. This is especially intriguing in P. tremuloides since it can grow in seasonally drier habitats. On the other hand, it is noteworthy that the high day-and night-time conductance of droughted P. deltoides and P. trichocarpa plants occurred in seedlings, which are often recruited to temporarily 238 Cirelli et al. and moderate drought (smaller black points, dashed line) conditions. All linear regression slopes showed a significant decline; i.e., slopes significantly different from zero (P < 0.05). The difference in slope between well-watered and drought conditions is also significant except in P. deltoides (P < 0.05).
flooded high river banks but die once the water level drops ( Rood et al. 2003) . G N values under drought were between 25 and 45% of the daytime conductance (these values can be derived from Table 3 as G N /G D ). Under a modelled environment with a 16-h photoperiod and nights with an average of 50% of the daytime D (a likely short-term scenario), the integrated night-time water use can reach ∼10% of the diurnal budget during drought, which is in agreement with our measurements of P. tremuloides and P. trichocarpa. The continued loss of water at night, even when assuming adequate water status, is already in conflict with the optimization hypothesis ( Katul et al. 2010 and references therein) as pointed out in Zeppel et al. (2014) , but loss of water at night during a period of drought is a much stronger contradiction that warrants further analysis.
When compared with well-watered conditions, we could see a steeper decline in G N in response to increasing D under drought in both riparian and non-riparian plants (Figure 3) . The nighttime response to D we encountered agrees with the observations of active nocturnal stomatal response in Ricinus ( Barbour and Buckley 2007) . Accordingly, we would expect that if appreciable night-time conductance resulted from residual stomatal openness or simply from cuticular permeability, G N (and thus night-time g s ) should not present a discernible trend under varying atmospheric demand. An example of such non-responsive stomata can be seen in droughted Quercus spp. in which the ability of stomata to compensate for water losses had been exhausted ( Cavender-Bares et al. 2007) .
Stomatal anatomy was examined to establish whether differences in conductance among species could be related to anatomical traits. It is interesting to note that daytime conductance in well-watered conditions appeared to correlate with SPI. Sack et al. (2003 Sack et al. ( , 2005 also found a similar correlation in tropical and temperate species. The SPI v we report, however, conveys a more realistic value of pore area since we were able to measure the average width and length of every stoma in the sample and we approximate the opening geometry averaging an ellipse and a fusiform shape. In fact, typical SPI values as a function of length and density alone did not correlate well with the observed G n or G d , particularly as a result of underestimation in P. × petrowskyana and P. deltoides. We modelled G N based on the effects of a theoretical minimum SPI based on the smallest stomatal opening that we could find for each species, assuming this minimum would be obtained if all stomata showed the same level of closure. Since we found completely closed stomata on most species, the minimum SPI resulted in zero. The values calculated for P. × petrowskyana and P. trichocarpa were higher since the minimum measured stomatal width was greater than zero for the adaxial side of P. × petrowskyana and the abaxial side of P. trichocarpa. The calculated minimum G N for these species was still well below the measured G N . We obtained anatomical evidence that, even in high-transpiring amphistomatous species, stomata seem capable of closing fully Populus species maintain conductance under drought 239 (see Figure 6 for an example of P. deltoides). Moreover, prominent cuticle-covered outer ledges can overlap and form a tight seam upon closing, likely sealing the stoma when closed. The non-linear relationship observed between G N and night-time D both in non-droughted and droughted situations provides further evidence that stomata remain open in excess of their presumed minimum, whether as a whole or, more likely, as part of a constantly changing patchy network ( Pospíšilová and Šantru º ček 1994) . Thus, at least in the species we analysed, we state that night-time transpiration appears to not be due simply to 'incomplete stomatal closure' but that it likely has a potential physiological role.
There are several hypotheses to explain a functional role of night-time transpiration. Nutrient availability has been linked to nocturnal conductance and/or sap flow ( Scholz et al. 2007 , Kupper et al. 2012 , Resco de Dios et al. 2013b ). However, under drought, it is unlikely that nutritional status would take precedence over water status, especially since most growth processes halt long before carbon fixation becomes limiting due to stomatal limitations ( Hsiao and Acevedo 1974) . The flow of sap may provide an important source of oxygen to internal tissues with high metabolic requirement, even in situations where conserving water may be critical ( Gansert 2003, Daley and Phillips 2006) . It is not clear, however, whether internal tissues are actually susceptible to low oxygen such that reduced sap flow might have an impact ( Spicer and Holbrook 2005) . It has also been proposed that E n may help in capacitance recharge and embolism repair ( Zeppel et al. 2014 ). This possibility deserves to be explored further, because Populus species have high vulnerability to stem cavitation, i.e., 50% loss of xylem conductivity between −0.7 and −2.5 MPa ( Tyree et al. 1994 , Hacke 2015 .
In conclusion, our evidence shows a wide range of G N among members of the same genus and points to the effect of environmental pressure on shaping the nocturnal transpiration behaviour. Part of the interspecific variation can be attributed to differences in stomatal pore area but not to fixed stomatal features such as length, although this alone cannot explain the differences in G N /G D that span across species. We show that stomata are not likely to be leaky but instead seem capable of complete occlusion. The more drought-tolerant species did show some reduction in G N under drought earlier in the drought cycle. However, under drought, these non-riparian species still maintained a level of G N several fold greater than cuticular conductance, consistent with stomatal opening. This suggests that night-time sap flow through transpiration may be rooted on physiological needs that are presently not understood. We believe this warrants further investigations into the nature and role of night-time conductance in a wider range of species, and especially in boreal forest species that are under-represented in the current literature on nocturnal transpiration. 
Funding
This study was part of a doctoral dissertation with support from West Fraser. Dr Barbara Thomas provided clonal material on behalf of Al-Pac.
